Abstract-This work describes an accurate pulse radar altimeter which is simple and light enough to be carried aloft by a regular sounding balloon. The altimeter uses a single superregenerative stage serving as both the receiver and the transmitter. This stage is used in a feedback system in such a way that the period between transmitted pulses is a measure of altitude. The relatively slow rate of change of altitude allows the averaging of many returns with corresponding improvement in signal-to-noise ratio.
INTRODUCTION
rl HE radiosonde, an instrument package elevated to high altitudes in the atmosphere by a buoyant balloon, is the most widespread means of obtaining vertical profiles of atmospheric parameters. These parameters are: temperature, pressure, relative humidity, and wind velocity. The meteorologist is particularly interested in the change in these parameters with altitude. Sensors for the first three parameters are mounted in the balloon package, and their readings are transmitted to the ground. The wind is studied by tracking the balloon with optical or radio theodolites. The only parameter that is not measured directly is the altitude. However, we can allow one unmeasured parameter, because for thin layers of the atmosphere below 90 km, the following relation exists:
Pb \R(T + Tb)! (1) where P = the pressure at the top of the layer Pb =the pressure at the base of the layer T= the temperature at the top of the layer Tb= the temperature at the base of the layer go= acceleration due to gravity, at sea level M= molecular weight of the air R = universal gas constant Ah = the thickness of the layer (in geopotential meters). From (1) we see that once the pressure and temperature at a certain altitude (usually the surface) are known, the height measurement is not needed to get the vertical profile, as long as the temperature and pressure are measured at close intervals. However, at high altitudes these parameters are hard to measure accurately. For example, the barometer readings are in steps of 1 mbar, which is 0.1 percent of the total pressure at the surface, but which is 10 percent at an altitude of 30 km.
The temperature readings are also less accurate at higlh altitude as a result of stronger solar radiation. A direct measurement of altitude at this range could improve th-e accuracy of the vertical profile.
The meteorological community is devoting nmuch effort to several programs of global weather observations. Playing major roles in these programs are superpressure balloons, carrying their sensors at constantdensity altitudes and floating with the winds for several months. These balloons will float most of the time over the ocean where no ground stations exist to give the necessary reference readings of surface pressure. For these balloons, a radio altimeter and a pressure measurement could supply such a reference.
The simultaneous reading of pressure and geometric altitude is most useful when we wish to study an unbalanced atmosphere. For example, the balloon in a balanced atmosphere will follow the wind along isobaric lines. Therefore, constant-pressure readings will be accompanied by constant-altitude readings, but when the geometric altitude changes separately from the pressure altitude, the wind crosses isobars, implying that a weather disturbance is growing or filling.
The above are just a few examples of the great need for a radio altimeter on board the balloon package. However, conventional radio altimeters are too heavy for balloons. It seems that just using modern circuit techniques like integrated circuitry would not be enough in reducing weight, size, and price; and that in addition, a simpler system is needed. It should be noted that the balloon offers one big advantage-its low rate of altitude changes (compared to rockets, for example). This allows plenty of time for averaging, which in turn can replace strong signals, or a good noise figure. This advantage is fully exploited in the proposed balloonborne radio altimeter.
PRINCIPLE OF OPERATION
The proposed radio altimeter uses a single superregenerative stage [1] serving as both the receiver and the transmitter. This method was used for beacons in the early days of radar. This superregenerative stage is used in a feedback system in such a way that the period between transmitted pulses is a measure of altitude. The following section describes this operation in more detail.
The superregenerative stage, when triggered by the quench pulses, produces RF pulses whose envelope area depends on the RF signal existing at the input to the stage at the beginning of each quench pulse. The operation of a superregenerative stage is described in more detail in the next section.
With no signal, the noise is the only input. When there is a signal, and when the period of the quenching pulses is equal to the delay of the return pulse, the superregenerative stage detects its own pulses (Fig. 1) . As we change the period (or repetition rate) of the quench pulses, we get a maximum output from the superregenerative detector near the repetition rate, c fq 2h (2) where fq = the repetition rate of the quench pulses c = velocity of light h =the altitude.
Varying the repetition rate around this value is equivalent to scanning the returned pulse. As we will see later, the returned pulse is close to an imperfect integration of the transmitted pulse, and, therefore, has a definite peak at the end of the transmitted pulse.
The rest of the circuitry is a servo loop designed to lock on that peak. This is an example of a "singledimensional sinusoidal perturbation adaptive system," described in detail in the current literature [2] .
The principle of such a system is shown in Fig. 2 . This figure demonstrates how a sinusoidal perturbation of the parameter X, on which we have control, serves to take the derivative of a given function, p(X), of this parameter. At the peak, the output signal at the perturbation frequency is zero, while off the peak there will be some slope, either positive or negative, and therefore an output signal, in phase or out of phase, respectively. This type of signal can be used as an error signal in a servo loop.
The block diagram of the system is shown in Fig. 3 . The voltage controlled oscillator (VCO) determines the repetition rate of the quench pulses. This rate is linearly related to the voltage at the output of the integrator and is sinusoidally perturbed. In other words, the quench frequency is frequency modulated at the perturbation frequencyfp; the deviation of this FM is very small. The curve of the output of the superregenerative detector as a function of the quench frequency serves as an FM detector for the perturbation signal. When the quench frequency is too high, the detected perturbation signal is out of phase, compared to the modulating perturbation signal; whenfq is too low, the perturbation signal is in phase; and when it is at the right frequency, we get only the second harmonics of the perturbation signal.
The output of the detector is passed through a narrow-band amplifier centered around fp and then multiplied by the modulating signal. The output of this multiplier contains a positive dc voltage when the two signals are in phase, and a negative dc voltage when they are out of phase. The integrator output is affected by this dc voltage, and locks the VCO to that frequency which gives the peak at the output of the superregenerative detector.
THE SUPERREGENERATIVE DETECTOR
The fundamental action in a superregenerative circuit is centered around the growth of oscillations in an oscillator. The variation in grid voltage is shown in Fig. 4(a) . Between positive pulses, the grid is at the negative potential which biases the tube beyond ER, the cutoff voltage. During the positive pulses, the grid potential is raised to a point where the circuit oscillates, as indicated by projection into the shaded oscillation region.
Thus, oscillation grows during the A periods and decays during the B periods.
There are two modes of operation defined for superregeneration: a linear mode [ Fig. 4(b a few microvolts. The change in the output, however, will be 2L
which is of the order of volts. This means that a gain of a million can be achieved in a single stage. It is for both the high receiver gain and the doubling of the single stage as a transmitter and receiver that the superregenerative stage has been chosen for a small, light, and accurate balloon-borne radio altimeter. THE 
RETURNED PULSE
The ocean surface plays the role of an imperfect integrator on the returned pulse. Let us assume, for a moment, that the three following conditions exist:
1) The average scattering cross section of the ocean is independent of the incident angle. 2) The altimeter antenna is isotropic.
3) The additional attenuation due to a longer path length of a side reflection compared to a downward reflection can be neglected.
With these three assumptions, we will follow the pulse on its way to the ocean surface and back. The first reflection occurs when the front end of the pulse reaches the point B (Fig. 6 ) just below the altimeter. Side returns like that from point C will start later, as a result of the additional distance, and will reach the altimeter even later because the returning pulse also has the additional distance to traverse. While the front edge of the pulse is being reflected from point C, later portions of the pulse reach point B, and start to be reflected.
In other words, the pulse can be seen as traveling on the ocean surface. When the trailing edge is being reflected from point B, the whole pulse is reflected to the altimeter, and the intensity of the return reaches a maximum. With the above three assumptions, this level will remain constant as the pulse on the ground travels away from the altimeter subpoint. Measurements have demonstrated [3] that with occasional exceptions, a radar return from the ground is largely due to area scatter. For this reason, no phase relations were introduced, and when we speak of the returned pulse, we are referring to the mean pulse envelope.
As we mentioned above, the maximum of the returned pulse occurs at the end of the transmitted pulse (if we ignore the basic delay). If we now remove the assumption that the antenna is isotropic, and, instead, assume that it has constant gain for I0 <Go and zero gain outside, we can calculate the minimum 00 that still allows the peak to occur at the end of the transmitted pulse. From Fig. 6 we see that the return from point C has additional delay r, which is, if we assume a flat surface,
c where h = the altitude c = the velocity of light. If the length of the transmitted pulse is shorter than T, then the peak of the return pulse occurs at the end of the transmitted pulse, which does not change with altitude. This is called "pulse-length-limited illumination." If the length of the transmitted pulse is larger than r, the peak will occur at r which in turn is dependent on altitude. This is called "beam-width-limited illumination. " Our system locks on the peak of the returned pulse, and we would prefer the additional delay to be constant; therefore, we use pulse-length-limited illumination. The condition for such illumination is that
where To = the length of the pulse hmin = the minimum altitude. When we include the dependence of the average scattering cross section of the ocean on the angle of incidence, the additional attenuation due to additional distance, and the fact that the antenna pattern is not constant as a function of 0, the returned signal can be expressed as the convolution of the transmitted pulse waveform in power units with a function which incluides effects of antenna pattern, ground properties, and distance.
AMoore et al. [4] shows that for a flat earth and a system that is independent of azimuth orientation, the mean received pulse envelope in power units is given by (6) 
where t is the time from the reception of the leading edge.
In Fig. 7 a typical superregenerative pulse is used as the transmitted pulse, PT. When this envelope is used in (12), the envelope of the received pulse is as shown in Fig 7. For pulses of length in the order of 1 ,us, the convolution integral can be approximated by a regular integral, and this will give a simpler expression for the peak of the received pulse P2: X2G2ooc 2 = 6(2) Pmax(T [3] showed that at a repetition rate of 400 pps, over wooded area, consecutive returns do not resemble each other at all. From this we can conclude that at this rate the correlation coefficient is close to zero.
For the case of uncorrelated signal fluctuations, Schwartz [5] has shown that if the number of pulses averaged is larger than about 100, and the instantaneous reflected power obeys a Rayleigh probability-density function, which is typical for large targets, then the fluctuations have no effect on the detectability of the signal. Accepting Edison and ask what is the height-h at which P2=Po. The answer is summarized in Table I . LINEAR ANALYSIS OF THE ALTIMETER The sinusoidal perturbation serves to take the derivative of a curve which is actually the dependence of the superregenerative detector output on the input to the VCO. This curve includes in it the delay, intensity, and shape of the returned pulse, the linear voltage to frequency characteristic of the VCO, and the logarithmic gain of the superregenerative detector. To simplify our analysis we will assume this curve to be a parabola. The amplitude of the signal in the perturbing frequency, fp, as it appears after the amplifier is determined by the derivative of this parabola, and is therefore a linear function of the distance from the peak of the parabola.
We are thus able to draw a linear simplified equivalent block diagram of the altimeter Fig. 8 . In this block diagram c1 is the amplitude of the perturbing signal, p" is the second derivative of the parabola (a constant). A is the total gain, and it includes the gain or attenuation of 1)
2)
3) 4) 5) 6) the RF path the superregenerative circuit the bandpass amplifier the integrator (== 1/RC) the VCO the multiplier (=-). F(s) is the Laplace transform of the total response of the networks in the loop, and it includes 1) the bandpass response of the fp amplifier transferred to low pass 2) the filter response.
Of these two, the second is the dominant.
1/s represents the integrator, and n(t) is the noise voltage; n(t) is multiplied by 1/V/2 to indicate that the synchronous detection of the perturbation signal eliminates half of the noise power accompanying it. The output of this loop could be either in voltage form, if it is measured at the input to the VCO, or in frequency form, if it is measured at the output of the VCO. This frequency, which is equal to the pulse repetition rate, is in essence the height information. The loop of Fig. 8 resembles a typical phase-locked loop. We can thus use studies made on this type of loop [6] , [7] , in order to optimize the output error due to noise, the steady-state error, and the acquisition behavior of the loop.
The conclusions drawn from phase-locked loops led to the inclusion of a lag-lead network as the loop filter, to a choice of damping factor t of 0.7, and loop-noise bandwidth BL of 1 Hz.
The primary noise source of the altimeter is the superregenerative stage. As Hall [1] showed, the effect of the sampling done in the relatively broad RF stage is to multiply the effective noise bandwidth of the rest of the receiver by twice the ratio between the RF bandwidth Afo and the sampling rate fq. 
Equation (17) is the answer to the question we have just asked. However, we will go one step further to make it more meaningful.
The noise power at the input is given by We can now give a crude yet meaningful answer to the following question. Given the allowed mean square error cr2, what is the minimum signal-to-noise ratio per each pulse at the input of the altimeter?
To answer this question we shall use Fig. 9 in which the various processes which the signal passes, and their effect on the signal-to-noise ratio, are shown.
The first term is the 1/F change in signal-to-noise ratio due to the noise figure F of the RF stage. The second is the increase in noise due to sampling. The -\/U improvement is due to averaging of n pulses [8] .
The term 2 is a result of the synchronous detection, and the last term is the improvement in signal-to-noise [9] that the relation between the sweeping rate and the lower limit to the loop-noise bandwidth BLmjn . where AT is the time (in seconds) required to scan the leading edge of the returned pulse. In laboratory tests of the altimeter it was found that the practical lower limit is about three times larger than the theoretical.
Again, we shall insert practical numbers in (20). The delay range covered by the altimeter is 12 to 27 ,us, and it is scanned in 30 seconds; the leading edge of the returned pulse covers 0.5 ,is. From this we can conclude that AT = 1 second. With the damping factor t = 0. 7, we get for the theoretical lower limit on the loop-noise bandwidth: BLmin = 0.27 Hz.
The practical lower limit should be 3 times larger, and this would lead us to the choice of a loop-noise bandwidth of 1 Hz. AMBIGUITY There is no reason why the altimeter cannot transmit a second pulse before the previous one is received. We shall call this subharmonic operation (Fig. 10) . This mode of operation can happen by itself at any altitude above twice the minimum altitude of operation. This immediately indicates that the minimum range of altitudes required to get full coverage is equal to the minimum altitude. If the minimum altitude of operation is 2000 meters, then the range of the altimeter should be from 2000 meters to 4000 meters. Above 4000 meters the altimeter will switch to a subharmonic mode. From  Fig. 11 it is clear that the first ambiguity problem starts at 6000 meters, which is 3X2000 meters, or 2X3000 meters, and the altimeter can lock on both. The pattern of switching modes as the balloon ascends, in the case of no loss of locking except at the end of range, is marked in Fig. 11 . However, this pattern is not guaranteed since loss of locking might occur. In any case, the ambiguity is at least the lowest altitude (in our example I It should be pointed out that some sweeping rate is inherent in the system, and some is built-in due to circuitry offsetting. 2000 meters), and it can be resolved by pressure reading or by the history of the ascending. Subharmonic operation is recommended even if the range of operation is limited, as in the case of the superpressure balloons. In this case, however, it is possible to assure that only one mode will cover this limited range. Operation with subharmonics means higher quench frequency fq and therefore better signal-tonoise ratio.
CIRCUITRY, LABORATORY TEST SYSTEM, AND GROUND STATION
This section briefly covers the main features of the altimeter circuitry and the methods used for laboratory testing and reception of altimeter data.
The superregenerative stage utilizes a nuvistor triode for the 403 MHz version, and a pencil tube with integral resonator (the type used in radiosondes) for the 1680 MHz version. The narrow-band amplifier is an operational amplifier with a twin T network in the feedback loop. The multiplier is a ring demodulator. The integrator and oscillator utilize operational amplifiers. The VCO is an astable multivibrator in which the charging resistors are returned to a variable input. The pulse shaper includes a monostable stage that determines the duration of the quench pulse and an amplifier.
In addition, a bias control stage which is fed by all the supply voltages involved in the superregeneration action keeps the tube bias at the correct level in order to assure proper superregeneration. Altogether there are seven integrated circuits, one transistor, and one vacuum tube. Two types of antennas were used in the flight test of the 403 MHz version. The first was a rhombic antenna with leg length of 3X, and tilt angle of 58.50. The measured gain of the rhombic was 9 dB over a half-wave dipole.
The second antenna was a two-element Yagi, with the parasitic element as the director, and a spacing of 0.13X between the elements. The measured gain of the Yagi w-as 3.2 dB over a half-wave dipole.
The laboratory test system appears in Fig. 12 . The quench pulses were used to trigger a delayed pulse generator. These delayed pulses modulated a UHF signal generator whose output simulated the returned pulses. The output of the signal generator was connected to the input (and also output) of the superregenerative detector. This point was also connected to a detector in front of an oscilloscope. This scope was used to monitor the shape of the envelope of the transmitted pulses. The counter was used to count the repetition rate. The chart recorder measured the input voltage to the VCO. These two pieces of equipment were used to measure steady-state error and noise error. The chart recorder was also used to measure the loop bandwidth. To do this the delay was modulated by a very low-frequency (VLF) sine wave from the function generator. The dual chart recorder recorded both the sinusoidal signal at the output of the function generator, and the resulting sinusoidal signal at the output of the integrator. By comparing these two amplitudes at several frequencies it was possible to draw the frequency response of the loop. The amplitude of the simulated returned pulse was controlled by the output attenuator of the signal generator. It should be noted that changes in the returned pulse amplitude affected mainly the signal-to-noise ratio but also the gain of the loop, as the gain includes in it the second derivative of the envelope of the returned pulse.
Without any sweeping voltage, the altimeter starts to lock when the peak of the returned pulses is as low as 2.5 AV. With proper sweeping voltage (the entire range is scanned in 25 seconds), good locking (with mean time to unlock on the order of hours) is achieved with 8 ,uV input. However, the steady-state error is about 0.3 percent and the noise error 0.1 percent. With an input of 15 /MtV the total error is below the specified 0.03 percent.
Data reception on the ground is accomplished by receiving and counting the pulse repetition rate. Two methods are used: either 1) receiving the altimeter RF pulses directly; or 2) modulating the VCO, or quenclh pulses, on the radiosonde signal and receiving those. In both cases the receiver at the ground station was to have IF and video bandwidth capabilities equal to the highest repetition rate, which, in our case is about 100 kHz. The video output of the ground station receiver is thus a carrier varying slowly between 50 to 100 kHz. From the altimeter loop bandwidth we can deduce that the information bandwidth is less than one hertz. This type of signal naturally requires a phase-lock demodulator for best reception. Yet, despite the fact that the information bandwidth is 1 Hz, the phase-lock loop bandwidth has to be at leastfp, which is the perturbation frequency. The block diagram of the ground station appears in Fig. 13 .
FLIGHT TESTS
As of i\larch 31, 1969, a total of 4 flight tests were conducted. The purpose of the first one was to test the principle of operation, i.e., whether the altimeter would lock to the returned pulse, and how it xvould follow changes in altitude. This test was conducted on June 5, 1968 , over Lake Michigan, from an aircraft provided by the National Center for Atmospheric Research, Boulder, Colo. The antenna used in the flight was a slotted dipole. Excellent locking was achieved up to the maximum altitude of the flight 8000 feet. During the 30-minute period over the lake, locking was not lost even once, unless by external disturbance by the operator. Readings of altitude were performed by reading the period of the quench pulses with a portable oscilloscope. These readings were compared to readings of the pressure altimeter of the aircraft. With these rather limited facilities, readings on the tested altimeter were within ±0.1 percent of the readings on the aircraft altimeter.
The height of the waves in Lake Michigan at the time of the above test was Power was drawn partly from the radiosonde battery (100 V and 6 V) and partly from additional water activated batteries (+12 V and -12 V). The balloon and the payload of this flight are shown in Fig. 14 a few seconds after being launched. The items from the top are: the balloon, two parachutes, radiosonde, a package with the additional batteries, a bag with a letter to the finder, the radio altimeter, and the rhombic antenna. As far as altitude measurements were concerned, this flight was almost a complete failure. There was only a short intermittent period of about 10 minutes when locking was achieved. This happened at an altitude of 22 km which is rather high for an overland flight. The reason behind this is that, due to poor temperature and voltage compensation, the sweeping rate of the altimeter was decreasing, and at very slow sweeping rate its sensitivity improves considerably. Despite the failure in achieving meaningful altitude readings, many helpful conclusions were drawn from this test. The major one was that the method of counting the altimeter pulses directly from the video signal at the ground station receiver was inadequate as a result of noise. This conclusion led to the addition of a phase-locked stage between the receiver and the counter. Another observation from this test was that the radiosonde signal on 1680 MHz was stronger than the altimeter signal on 403 MHz. This was probably due to: 1) the fact that the altimeter antenna was pointing down while the radiosonde antenna was pointing sideways toward the ground station; 2) the higher frequency of the radiosonde which allows the use of a dish antenna at the ground station, with considerably more gain than the helix antenna used for the 403 MHz signal. This resulted in a change in which the altimeter VCO square wave is used to modulate the radiosonde 1680 MHz transmitter. Thus, the height information is transmitted to the ground through a better channel.
The third and fourth tests were also balloon flight tests. They were launched near Sturgeon Bay, Wis., on March 14 and 15, 1969. The balloon flight test of March 14, 1969, was the most successful thus far, and will be described in detail. In this test the altimeter utilized a 2-element Yagi antenna; the electronics and the antenna are shown in Fig. 15 . The electronics weighs 130 grams and the antenna 40 grams. Separate batteries were used in this flight, so that the only electrical connection between the altimeter and the radiosonde is that of the altimeter VCO square wave, which modulated the radiosonde transmitter. Thanks to a calm day, we were able to use a very long string (about 300 feet) between the balloon and the payload, and thus minimize the pendulum motion. After burst of the balloon, the payload landed at Norwalk, Mich., and was returned to us. From that we can conclude that most of tlie flight, and certainly all of the ascent, took place over Lake Michigan.
Height readings started 7 minutes after launch at an altitude of 1.8 km, and were received for the next 57 minutes at intervals of 2 seconds, until the balloon reached an altitude of 16 km. In the next 10 minutes the altitude readings became intermittent. Yet, good data were still available up to an altitude of 18.5 km, where the signal-to-noise ratio of the radio altimeter decreased to the point that no locking could be achieved.
In Fig. 16 (Fig. 18 ) and one minute during the descent (Fig. 19) . From Fig. 18 rhombic antenna was used. This flight terminated near Williamsburg, Mich. From this we can conclude that nearly two-thirds of the flight took place over the lake. The rhombic antenna was much bulkier than the Yagi, and matching it to the altimeter indoors was more complicated. Immediately after the launch, we could see by monitoring the RF pulses that it was not matched properly. As a result, the RF pulse was too wide and the sweeping rate too fast. Both have the overall effect of reducing the altimeter sensitivity. Despite this, and probably due to the higher gain of the antenna, meaningful height measurements were received from the thirteenth minute until the 65th minute of the flight, when the altitude was 16.8 km. In Fig. 20 This application is most attractive for high altitude radiosondes where the pressure resolution is inadequate, and for dropsondes when the thermistor time constant becomes too long compared to the rate of descent. Together with a pressure measurement, this altimeter can supply the reference pressure which is essential in the proposed system of floating superpressure balloons.
In addition to accurate height measurements, the altimeter can lock to an artificial return rather than its own returning pulse and, thus, measure distance to a transceiver. This can add wind measurement to its possible applications. All these applications should be studied and developed.
Further improvements in circuitry should also be considered. These may include: solid state RF stage at 1680 MHz, combining the several ICs into one package, and elimination of all components that do not meet the design goals for air safety consideration.
